INTRODUCTION
Electroosmotic flow plays an important role in various biomedical lab-on-a-chip devices (1) (2) (3) (4) (5) . An example of such a device is a piece of glass or plastic plate with a network of microchannels that utilizes electrokinetic mechanisms to transport liquid and to perform other operations. Generally, most surfaces receive a surface electrical charge when brought into contact with a polar medium. The surface charge, in turn, influences the ion distribution in the polar medium, forming the electrical double layer (EDL) (6) . The EDL is the region near the charged surface where counter-ions and co-ions in a polar medium are preferentially distributed, such that the local net charge density is not zero. If an electrical field is applied tangentially to the EDL, an electrical body force is exerted on the excess counterions in the EDL. The ions will move under the influence of the applied electrical field, pulling the liquid with them. The liquid movement is carried through to the rest of the liquid in the channel by viscous force, resulting in an electroosmotic flow (EOF). This electrokinetic process was first introduced by Reuss in 1809 (7) .
Most studies of electroosmotic flow have focused on the flow of a uniform solution (8) (9) (10) (11) (12) (13) (14) (15) . However, the operation of such lab-on-a-chip devices as on-a-chip biosensors involves replacing one solution with another in a microchannel by electroosmotic pumping. For example, the operation of a fiber-optical nucleic acid biosensor device reported by Bier and co-workers (16) involves the following procedure. The sensor situated in a continuous-flow apparatus is exposed to the target nucleic acid in hybridization buffer for 60-180 s, followed by a 120-to 180-s wash with buffer, a 45-to 60-s treatment with a solution of fluorochrome, and then a 30-s wash with buffer. In order to develop such a biosensor on a chip, electroosmotic pumping must be used to control the above-mentioned solution-replacing processes. In such processes, if the two solutions are very different in terms of ionic type, valence, and concentration, the zeta potentials and the EDL fields will be different in the different sections of the microchannel, complicating the electroosmotic flow in microchannels.
The objective of the present study is to characterize the solution-replacing process in cylindrical capillary under an applied electrical field. During the displacing process, the capillary can be divided into three sections according to the concentration distribution. The first section is filled with one solution, the second section is the mixing zone, and the third section is filled with another solution, as shown in Fig. 1 . During the replacing process, the electrical resistance of the capillary depends on the type of ions and the ionic concentration distribution in the capillary and varies with time. The electrical current, which is generated by the excess ions' motion under the applied electrical field, is axially uniform and varies with time. Consequently, the electrical field strength along the capillary (volts per meter) is different from one section to another. In this paper, a theoretical model for such a heterogeneous electroosmotic flow with mixing is developed. The current-time relationship, the time evolution of mixing zone, and the velocity profile of the electroosmotic flow are studied. Several experiments displacing electroosmotic flow were conducted. 
MATHEMATICAL MODEL

Electrical Double Layer in a Cylindrical Capillary Tube
According to the theory of electrostatics, the relationship between the electrical potential, ψ(r ), and the net charge density per unit volume, ρ e , at any point in the liquid is described by the Poisson equation,
where ε is the dielectric constant of the solution and ε 0 is the permittivity of vacuum. Assuming that the equilibrium Boltzmann distribution is applicable, the ion number concentration per unit volume in an electrolyte solution is of the form
where n i∞ andz i are the bulk ionic concentration and the valence of type i ion, respectively, e is the charge of a proton, k b is Boltzmann's constant, and T is the temperature. The net volumetric charge density, ρ e , is proportional to the concentration difference between cations and anions, given by
For symmetric electrolyte solutions such as KCl (z :z = 1 : 1) solution, the above equation becomes
[4]
For nonsymmetric electrolyte solutions such as LaCl 3 (z :z = 1 : 1), it takes the form
Substituting the equation of the net charge density into the Poission Eq. [1] , and introducing the dimensionless variables
where d is the diameter of the capillary tube, the nondimensional Possion-Boltzmann equation can be written for KCl solution as
. [6] and for LaCl 3 solution as
Because of the symmetry of the EDL field in the cylindrical capillary, Eqs. [6] and [7] are subjected to the nondimensional boundary conditions
where the zeta potential ζ is a measurable electrical potential at the shear plane (i.e., the boundary between the compact layer and the diffuse layer of the EDL). It should be noted that the zeta potential varies with the ionic concentration of the solution, and hence it has different values for different sections. Such a variation of the zeta potential has been considered in our numerical solution and the zeta potential values for different concentrations are listed in the section Results and Discussion.
Electroosmotic Flow Field in the Cylindrical Capillary Tube
The motion of aqueous electrolyte is governed by the NavierStokes equations for incompressible flow,
∇ · u = 0, [10] where u is the velocity vector, µ is the viscosity, ρ is the density of the fluid, ρ e is the local net charge density, and E is the electrical field strength applied to the capillary.
As discussed in the Introduction, there are three sections in this capillary. As shown in Fig. 1a , the solution on the left side (entering the capillary) has a concentration C 2 , and the solution on the right side (leaving the capillary) has a concentration C 1 . If we assume that the flow in these two sections is one dimensional and fully developed, then the velocity components are described by
With this assumption, the inertial term on the left-hand side of Eq. [9] drops out and the equation of motion is reduced to
In this work, we consider that the pressures at both ends of the capillary are the same (e.g., atmospheric pressure). For a simple electroosmotic flow in an open channel, there is no pressure gradient along the capillary. However, for the case of electroosmotic flow with one solution replacing another solution, the driving force of the electroosmotic flow, the net charge density, and the applied electrical field strength are different in different sections. This would imply different velocity fields and different flow rates in different sections. For incompressible liquids, however, the continuity condition requires a constant volume flow rate through the channel. Therefore, an induced-pressure gradient along the channel is required to satisfy the continuity condition. Substituting Eqs. [4] and [5] for net charge density into Eq. [12] and introducing the nondimensional variables
where D is the diffusion coefficient, the nondimensional equation of motion can be obtained for KCl solution, [13] and for LaCl 3 solution,
Equations [13] and [14] are subjected to the no-slip and symmetric boundary conditions
Concentration Field in the Cylindrical Capillary Tube
Consider the following electroosmotic flow. There are two reservoirs containing two different solutions, respectively. A cylindrical capillary tube is used to connect the two reservoirs. Initially, the capillary tube is filled with solution 1 (C 1 ). Immediately after the two solutions are in contact in the capillary tube, an electrical field is applied along the capillary. The applied electrical field results in an electroosmotic flow in the capillary tube. During the electroosmosis, solution 2 (C 2 ) in the second reservoir gradually displaces solution 1 in the capillary tube. Because of the difference in chemical potentials between the two solutions, the diffusion takes place across the interface; meanwhile, the convection also occurs due to the movement of the liquid. As a result, the electrolyte concentration and the mixingzone length in the capillary change with time. The concentration distribution is governed by the conservation law, which in this case takes the form
where C is the bulk ionic concentration in the capillary tube and u z is the average electroosmosis velocity of the liquid, which is determined by the equation of motion. Introducing the nondimensional parameters,
where z is the coordinate variable in the flow direction, as shown in Fig. 1a , the equation of concentration can be nondimensionalized as follows:
Since the average velocity is constant axially at the given time, the above equation can be further reduced to
The above equation is subjected to the initial and boundary conditions
where L total is the total length of the capillary and L 1 is the length of the section with the to-be-replaced electrolyte solution 1 (C 1 ). The capillary tube in this study has the following dimensions: L total = 10 cm and d = 10 −2 cm. Now we have the complete set of equations, Poisson-Boltzmann equations [6] and [7] , motion equations [13] and [14] , and concentration equation [18] , plus the matching initial and boundary conditions.
In this model, the mixing-zone length is defined as the position where C = 99.99%C 2 is the left boundary and C = 99.99%C 1 is the right boundary. It is obvious that the length of the mixing zone and the lengths of the other two sections change with time. Consequently, according to the equation of electrical resistance,
where L i is the length of the ith section, C i is the concentration of the ith section, λ i is the molar conductivity of the ith section, and A is the cross-section area of the cylindrical capillary. The overall electrical resistance of the liquid in the capillary tube will change with time during electroosmosis. At a given time, the total resistance is the sum of the resistance of the three sections, as shown in Fig. 1b , given by
where R 1 is the electrical resistance of the section with the electrolyte solution 1, R 2 is the electrical resistance of the section with the electrolyte solution 2, and R mix is the electrical resistance of the mixing zone. When the total resistance and the electrical voltage applied to the capillary are known, the electrical current through the capillary can be determined by
where V total is the total electrical voltage applied to the capillary, which is constant during the replacing process. As the current is axially uniform and the electrical resistance varies from section to section (see Eq.
[20]), the electrical field strength for each section will be different and can be determined by
Using the above-defined equations, one can determine the concentration distribution, the electrical field strength for each section, and the mixing-zone length. At a given time, a guess value for a concentration profile is chosen. With this guess value, the zeta potential for each section can be determined by experimental data. The equation of electrical potential, Eq. [6] or Eq. [7] , in turn, can be numerically solved to find the EDL potential, ψ i (r ). Once the EDL field is known, the local net charge density, ρ ei (r), can be determined. Meanwhile, using the guess value for the concentration profile, the resistance for each section can be determined by Eq.
[20], which will be used to determine the total current and the electrical field strength for each section. Then the equation of motion, Eq. [13] or Eq. [14] , can be numerically solved with a guess value for the pressure gradient for one of the non-mixing-zone sections. At this time, the continuity condition must be satisfied by adjusting the pressure gradient. Once the velocity profile is determined, the equation of concentration, Eq. [18] , can be solved to obtain the concentration distribution in the capillary. This iteration procedure is repeated until the convergence for the concentration field is reached. With the results obtained in this time-step, the above procedure is repeated for the next time-step until solution 2 from the second reservoir completely replaces solution 1 in the capillary tube (i.e., the left boundary of the mixing zone reaches the exit of the capillary tube). In this model, the equation of concentration, Eq. [18] , is a diffusion and convection equation. The finite control-volume method is used to solve this equation and to ensure that the mass conservation is satisfied in the computation domain (17) . Equation [18] was numerically solved for every control volume using an alternative-direction implicit method to deal with the unsteady term. In addition, a varying-step grid is used to consider the sharp change in electrical potential ψ and the velocity u within a small distance from the channel wall. This is achieved by employing the grid-clustering scheme (18) .
EXPERIMENTAL
In the experiment, polyamide-coated silica capillary tubes of 100 µm internal diameter (Polyamide Technologies Inc., Phoenix, AZ) were cut to 10 cm in length and used to connect the electrolyte solutions in reservoir 1 and reservoir 2. In the experiment, reservoir 2 was filled with solution 2. The capillary tube and reservoir 1 were filled with solution 1. All the solutions were prepared by using deionized ultrafiltered (DIUF) water (Fisher Scientific, Ontario), KCl (Anachemia Science, Quebec), and LaCl 3 (Fisher Scientific Company, Springfield, NJ). Immediately after connecting the two reservoirs to the capillary tube, a voltage difference between the two reservoirs was applied by setting reservoir 1 at a ground potential and reservoir 2 to a higher voltage (HV power source: CZE 1000 R, Spellman, NY) via platinum electrodes.
The applied electrical field resulted in an electroosmotic flow in the capillary tube. The electrolyte solution from reservoir 2 gradually displaced the electrolyte solution in the capillary tube. As a result, the overall electrical resistance of the liquid in the capillary tube changed. A PGA-DAS 08 data acquisition chip (OMEGA Engineering, Quebec) was used to record the voltage (in kilovolts) and current (in microamperes) as a function of time (in seconds). Once the solution in the capillary tube was completely replaced by the solution from reservoir 2, the current reached a constant value. The amount of time it took for the current to reach such a plateau value was the same amount of time required for the solution from reservoir 2 to travel through the entire capillary tube. An indication of the average velocity may be provided by
where L is the length of the capillary and t is the time required for electrolyte solution 2 to completely displace electrolyte solution 1. In the experimental studies, each measurement was repeated at least five times for a given set of conditions. All experiments were conducted at room temperature (25 • C).
RESULTS AND DISCUSSION
Because the electrical current depends on the electrical resistance of the solution, which in turn depends on concentration and conductivity, when the concentration in the capillary changes, the current will change. The electrical current in the capillary will increase with time as an electrolyte solution with high conductivity (i.e., λ 10 −2 M KCl = 14.12 × 10 −2 S/m) gradually replaces a solution with low conductivity (i.e., λ 10 −4 M KCl = 15.14 × 10 −4 S/m), and vice versa. The increase (or decrease) in current continues until the capillary is completely filled by the solution with high (or low) conductivity. Thereafter, the current reaches a constant value. Using the aforementioned numerical methods, the complete set of nonlinear differential equations, governing the diffusion and convection processes of the two solutions in the capillary, were solved to predict the mixing process. As shown in Figs. 2-5 , good agreements were found between the experimentally measured current-time relationships and the numerical model predictions. In this model, the properties of the electrolyte solution in the mixing zone are obtained by using linear interpolation of the properties of the two uniform solutions. Such interpolation may result in the small discrepancies between the experimental results and the numerical predictions, as seen in these figures.
The change in current depends on the concentration and conductivity of the solutions in the two reservoirs. As seen in the constant value, as compared to the gradual change in the case of 10 −2 M KCl solution replacing 10 −4 M KCl solution. This is because the conductivity of DIUF water is very low compared to the conductivity of 10 −2 M KCl solution. As long as the DIUF water is still in the capillary, it dominates the resistance and the corresponding current is very low; on the other hand, immediately after the DIUF water leaves the capillary, 10 −2 M KCl solution dominates the resistance in capillary and the current increases dramatically.
The electrical current also depends on the electrical field strength applied to the capillary. The higher the electrical field strength, the higher the current. As shown in Fig. 4 , when the electrical field strength increases (i.e., 350 V/cm in Fig. 2 and 700 V/cm in Fig. 3) , an increase in current can be found. In addition, the time required for the electrolyte solution from reservoir 2 to completely displace solution 1 in the capillary tube depends on the electrical field strength too. When the electrical field strength increases, the required time period is shorter. Under high electrical field strength, the required time is around 20.75 s, and under low electrical field strength, the required time is around 40.2 s. From this time period, the average velocity for one solution replacing another solution can be estimated by Eq. [24]; for example, the average velocity is 4.819 mm/s for high electrical field strength and 2.488 mm/s for low electrical field strength.
The velocity profiles during the replacing process are presented in Figs. 6 and 7. A distorted electroosmotic velocity profile and a similar parabolic velocity profile are found for different sections. Generally, if the electrolyte solution in the capillary is uniform and only the electrical field for the driving flow is applied to the capillary, the electrical field strength and the electroosmotic velocity profile are same for different locations. However, during the mixing process, the current is uniform axially and the conductivity is different from location to location due to the different concentration distributions. Consequently, according to Eq. [23], the electrical field strength is nonuniform along the capillary, which would imply different volumetric flow rates for each section. It is well known that for the incompressible fluid, the continuity condition requires uniform volume flow rates (Q 1 = Q 2 ) in the fluid flow. Hence the electroosmosis effect is weak and the electroosmotic velocity would be small. In order to achieve the same flow rate as the downstream solution with a higher electroosmotic velocity, a negative pressure gradient is generated to increase the flow. Recalling that for our system the pressure at both ends of the capillary tube is atmospheric pressure, a negative pressure gradient implies that the pressure at the end of the LaCl 3 solution section is lower than the atmospheric pressure. Since the electroosmotic effect in this section is so small, the negative pressure gradient becomes the dominant force to generate the flow. That is why the velocity profile in this section is approximately parabolic. For the KCl solution on the right-hand side of the capillary tube, the conductivity (λ 10 −4 M KCl = 15.14 × 10 −4 S/m), zeta potential (ζ 10 −4 M KCl = −107 mV), and electrical field strength are relatively higher. The electroosmotic effect is larger and hence so is the electroosmotic velocity. However, because of low pressure at the interface region between the LaCl 3 solution and the KCl solution, a positive pressure gradient exists for the KCl solution section. This positive pressure gradient tends to reduce the flow in this section and results in a velocity profile as shown in Fig. 6 . These velocity profiles agree with the results presented by Herr et al. (19) .
The model developed in this paper also reveals the mixing process. In Figs. 6 and 7, the concentration fields for each electrolyte are plotted below the corresponding velocity field at the same time. The mixing zone can be identified according to the concentration distribution in the capillary. The length of the mixing zone increases with time after the two solutions are brought into contact. This is because of the diffusion caused by the concentration difference across the interface.
SUMMARY
In this paper, a theoretical model was developed to predict the electroosmotic flow with one electrolyte solution displacing another in a cylindrical capillary. This model considered the mixing process between the two solutions. Carefully prepared experiments were conducted to measure the electrical current change with time during the displacing process under a constant applied electrical field. Excellent agreement between the experimental results and the model predictions verified the developed model.
